Introduction
Simulation of diurnal rainfall cycle is one of the greatest challenges facing global climate models (GCMs) (Slingo et al. 2004; Dai and Trenberth 2004) . Poor representation of the diurnal cycle affects a model's ability in capturing regional climate variability (Wang et al. 2007; Yuan 2013) . Evaluating and improving the simulation of diurnal rainfall (i.e. test from model resolution, convective scheme, radiative scheme, cloud processes, etc.) has been a subject of active research (Lin et al. 2000; Yang and Slingo 2001; Zhang 2003; Collier and Bowman 2004; Dai 2006; Lee et al. 2007; Sato et al. 2009; Li et al. 2015) . Earlier studies noted that most GCMs tended to produce inaccurate timing in the evolution of diurnal rainfall, particularly over landmass in which rainfall occurs too early (e.g., Dai 2006; Hara et al. 2009; Yuan et al. 2013) . The distribution of diurnal rainfall in GCMs is generally too homogenous (e.g., Collier and Bowman 2004) . Furthermore, GCMs tended to misrepresent the propagating behavior of diurnal rainfall in the eastern slope of large mountains (Lee et al. 2007; Ploshay and Lau 2010; Yuan et al. 2012) . Increasing model resolution and adjusting treatment of convection are among the common methods in improving diurnal rainfall simulations (e.g., Arakawa and Kitoh 2005; Dirmeyer et al. 2011; Bacmeister et al. 2013; Yuan et al. 2013; Li et al. 2015) .
In the East Asian continent, the complex local circulations involving land-sea breezes and mountain-valley 1 3 winds cause regional differences in diurnal rainfall variations (e.g., Zhao et al. 2005; Yu et al. 2007a, b; Kikuchi and Wang 2008; Zhou et al. 2008; Huang and Chan 2012; Huang et al. 2013; Hsu et al. 2014) . Observational studies have noted that diurnal rainfall occurring west of 110°E peaks in the midnight or early morning (Asai et al. 1998; Wang et al. 2004; Yu et al. 2007a, b; Li et al. 2008 ). In the southern part of East Asia to the east of 110°E, the timing of diurnal rainfall over land is dominated by daytime maxima (Yu et al. 2007a, b; Chen et al. 2009 ). Among these geographical differences, two distinct regimes of diurnal rainfall are present: (a) the Yangtze River (dotted box in Fig. 1 ) that exhibits a propagating behavior of diurnal rainfall (e.g., Yu et al. 2007a, b) and (b) southeast China (orange outline in Fig. 1 ) that features non-propagating (afternoon) diurnal rainfall (e.g., Huang et al. 2010) . The mechanisms responsible to such a regional difference in diurnal rainfall have been studied extensively (e.g., Wallace 1975; Oki and Musiake 1994; Yang and Slingo 2001; Nesbitt and Zipser 2003; Sorooshian et al. 2002; Yu et al. 2007a, b; Huang et al. 2010; Huang and Wang 2014) .
Earlier studies indicated that the solenoidal circulation between the Tibetan Plateau and its leeside lowlands contributes to the extent of the propagating diurnal rainfall over the Yangtze River (Wang et al. 2004; Hirose and Nakamura 2005; Wang et al. 2005; Huang et al. 2010 ). There, the East Asian jet stream drives the diurnal convection initiated east of the Tibetan Plateau to propagate eastward (Wang et al. 2004) . In contrast, the afternoon rainfall peak over the southeast China is mainly induced by the diurnal variation of low-level atmospheric instability associated with solar heating (Huang and Chan 2012) . Meanwhile, the afternoon sea breeze over the mountains in southern China results in low-level convergence of water vapor fluxes to support the formation of afternoon convection (e.g., Yu et al. 2009 ).
These documented characteristics of diurnal rainfall over East Asia have been used as metrics in evaluating climate models (e.g., Betts and Jakob 2002; Dai and Trenberth 2004) . Yuan (2013) evaluated 8 IPCC AR5 models forced by prescribed sea surface temperature over subtropical China by dividing total precipitation into stratiform and convective categories. Yuan (2013) found that most models simulated the stratiform rainfall with a correct diurnal phase but produced the wrong phase for the convective rainfall. In Yuan et al. (2013) , one particular model (CAM5) was identified to have the same bias in the convective rainfall in eastern China. To the authors' knowledge, coupled model simulations of the propagating and non-propagating diurnal rainfall regimes over East Asia have not been examined in detail. This aspect of model evaluation is important when it comes to projecting the future diurnal rainfall changes.
As part of the phase-5 Coupled Model Intercomparison Project (CMIP5), several climate modeling centers provide 3-hourly rainfall simulation for both the twentieth century and future climate scenarios (Taylor et al. 2012) . The output of these CMIP5 models, which utilize a large variety of horizontal resolution and model physics, gives researchers a new means to evaluate diurnal rainfall simulations and assess projections. The main objective of this study is to evaluate 18 CMIP5 models (listed in Table 1) in the simulation of diurnal rainfall over East Asia. These models and other data sources adopted for the analyses are introduced in Sect. 2. It is anticipated that, among this subset of CMIP5 models, the ones that perform better in resolving diurnal rainfall would provide researchers a better tool to investigate future changes; thus, in Sect. 3 we show that Fig. 1 The first mode of EOF analysis on the long-term, 3-hourly TRMM 3B42 precipitation, following Huang and Chen (2015) : a eigen-vector (E1) and b eigen-coefficient (PC1). In a, the domains of the Yangtze River regime (red dotted box) and southeast China regime (orange outline) are marked to help the discussions in the manuscript. In b, the result is presented for southeast China local time (LT), and the % value indicates the percentage of the total variance of the analyzed variable explained by its corresponding EOF mode. The contour interval of a is 0.1 and the color scale is given in the top (2011) one particular model, the Centro Euro-Mediterraneo sui Cambiamenti Climatici Climate Model (hereafter CMCC-CM) (Scoccimarro et al. 2011) , was capable of depicting both the correct timing of propagating diurnal rainfall over the Yangtze River and the non-propagating diurnal rainfall over southeast China. In Sect. 4, the characteristics and possible causes of the projected change in the diurnal rainfall over the focused areas are discussed. A conclusion is given in Sect. 5.
Data and method
The 18 CMIP5 models that provide 3-hourly rainfall output for both the historical experiment (for the present time period from 1981 to 2005) and the RCP4.5 experiment (for the future period from 2076 to 2100) are listed in Table 1 for their name, institute, horizontal resolution, and references. These model outputs were produced from fully coupled simulations, which are different from those forced by prescribed SST as used in Yuan (2013) . One model that stood out from the evaluation (to be discussed in Sect. 3) is the CMCC-CM; it comprises the OPA 8.2 ocean component (Madec et al. 1998 ) and the ECHAM5 atmospheric component (Roeckner et al. 2006) . The parameterization of convection in CMCC-CM uses a modified mass flux concept (Tiedtke 1989) , following Nordeng (1994) . For observational data, we used 3-hourly Tropical Rainfall Measuring Mission (TRMM) 3B42 satellite precipitation (Simpson et al. 1996) . The TRMM 3B42 dataset provides rain rate beginning in 1998 at the spatial resolution of 0.25° longitude × 0.25° latitude. TRMM has been widely used for the depiction of diurnal rainfall over East Asia (Hong et al. 2005; Zhou et al. 2008; Huang and Chan 2012; Huang and Wang 2014) . Other meteorological variables (including wind fields, humidity, etc.) were derived from the 3-hourly Modern-Era Retrospective Analysis for Research and Applications (MERRA) reanalysis (Rienecker et al. 2011) at the spatial resolution of 0.667° longitude × 0.5° latitude. Hereafter, the analyses focus on May and June for the pronounced diurnal rainfall variability and associated eastward propagation (e.g., Wang et al. 2012; Chang et al. 2015) . All results are presented for southeast China local time, which is the universal time + 8 h (i.e. 08 LT corresponds to 00 UTC).
The simulation of diurnal variation at present climate
The spatial-temporal variations of diurnal rainfall were depicted by the Empirical Orthogonal Function (EOF) analysis applied on the long-term, 3-hourly TRMM precipitation, following Huang and Chen (2015) . The first EOF (Fig. 1a) portrays the geographical dependence of diurnal rainfall regimes over East Asia, one along the Yangtze River and the other over southeast China. The southeast China regime features non-propagating diurnal rainfall with the maximum occurring around 17 local time (Yu et al. 2007a, b; Chen et al. 2009 ), while the Yangtze River regime exhibits a propagation with an early morning maximum west of 110°E and an afternoon/evening maximum to the east (Asai et al. 1998; Wang et al. 2004; Yu et al. 2007a, b; Li et al. 2008 ). The first principal component (PC) in Fig. 1b can be used to infer the temporal characteristics of afternoon rainfall peak over the two regimes. The negative values in PC1 and E1 of Fig. 1b together infer the "early morning rainfall peak" over the upper Yangtze River at 2-11 local time. Combined with the transition depicted by the 2nd EOF between morning and afternoon (shown in the Supplementary Fig. S1a ), an eastward propagation of the diurnal rainfall along the Yangtze River is duly delineated. Hence, the EOF analysis was used as a metric to evaluate the general evolution of diurnal rainfall simulations over East Asia. Following Fig. 1 the EOF analysis of the all-model ensemble mean of diurnal rainfall is shown in Fig. 2a . The ensemble simulations depicted the overall land-sea contrast with a large diurnal variability over land, similar to the Fig. 1, but for the 3-hourly precipitation from: a the ensemble mean of 18 CMIP5 models listed in Table 1 , b the CMCC-CM. In a, the spread between the ensemble members are shaded by the grey color. The contour interval of a, b is 0.1 and the color scale is given in their top Fig. 3 The evaluation of 18 CMIP5 models' performance based on the individual EOF results of the diurnal rainfall over the same domain of Fig. 1a . The orange filled bars represent the temporal correlation coefficient (Tcorr) between the first PCs of observed and simulated rainfall. The blue outlined bars represent the spatial rootmean-square-error (RMSE) between the first EOFs of observed and simulated rainfall. The blue dotted line indicates the ensemble mean of the spatial RMSE. The corresponding models of "a" to "r" are listed in the right bottom observation. However, the ensemble simulations failed to produce the midnight/early morning rainfall over the Yangtze River west of 110°E, implying a deficiency in capturing the propagation of diurnal rainfall. Moreover, the simulated diurnal rainfall maximum occurs 3-6 h earlier than the observation, as shown in the PC of Fig. 2a . These biases echo those observed by Yuan (2013) that most GCMs could not simulate the correct timing of diurnal rainfall in East Asia.
Next, we evaluated the individual CMIP5 models by conducting the EOF analysis over the domain of Fig. 2a . Based on the individual EOF results (not shown), two variables were compared: (1) the temporal correlation coefficient (Tcorr) between the first PCs of observed and simulated rainfall and (2) the spatial root-mean-square-error (RMSE) between the first EOFs of observed and simulated rainfall. The evaluation of Tcorr and RMSE is shown in Fig. 3 . Among the 18 models, CMCC-CM stands out by exhibiting the highest Tcorr with the lowest RMSE. Although four other models (GFDL-ESM2G, GFDL-ESM2M, MRI-CGCM3, and MRI-ESM1) also appeared to perform better than the rest, their phasing of diurnal rainfall is too early (not shown); a similar problem was noted for MRI-CGCM3 by Yuan (2013) . As shown in Fig. 2b , CMCC-CM was able to depict (1) an accurate timing of maximum diurnal rainfall over southeast China, Taiwan and the Luzon Island and (2) the midnight/early morning rainfall over the Yangtze River west of 110°E. This level of performance of CMCC-CM is also illustrated in the 2nd EOF mode (Supplementary Fig. S1 ). Together, the combination of the 1st and 2nd EOF modes explains more than 95 % of the total diurnal variability for both the observation and the model simulations. Thus, the rest of EOF modes were neglected.
To further illustrate the performance of CMCC-CM in simulating the characteristics of diurnal rainfall, we show in Fig. 4 the longitude-time evolution of the observed and simulated rainfall across the Yangtze River regime (27°-33°N, 105°-120°E) and southeast China regime (21°-25°N, 110°-118°E). From the observation (Fig. 4a,  b) , the diurnal rainfall along the Yangtze River is characterized by an eastward propagation in the aforesaid latitudinal zones; this is in contrast to the dominant local diurnal mode over southeast China (and Taiwan around 120°E) as noted in Huang et al. (2013) . In Fig. 4b , a weak propagating signal is also observed along the latitudes of 21°-25°N to the west of southeast China (i.e. the non-propagating rainfall region). All these features of diurnal rainfall were captured by CMCC-CM (Fig. 4c, d) . To highlight the comparison between the observation and the CMCC-CM simulation, we removed the daily means from the observed and simulated diurnal rainfall, which is shown in Fig. 5 . Compared to Fig. 4a , rainfall occurring during 14-20 LT along the Yangtze River Valley (27°-33°N, 110°-120°E ) also appears to be part of the propagating rainfall system (Fig. 5a ). Other models' representation of the longitudetime evolution of diurnal rainfall across the Yangtze River and southeast China regimes is displayed in the Supplementary Figs. S2 and S3, respectively.
To more quantitatively evaluate the model performance in Figs. S2 and S3 , a statistical analysis of spatial correlation (Scorr) and RMSE for each model is provided in Fig. 6 . It appears that models with a better skill in terms of 1st EOF of diurnal rainfall (ref. , Fig. 3 ), including CMCC-CM, GFDL-ESM2G, GFDL-ESM2M, MRI-CGCM3, and MRI-ESM1, also performed better in depicting the propagating regime over the Yangtze River and the nonpropagating regime over the southeast China. Among all models, CMCC-CM stands out with the highest Scorr and lowest RMSE in both the propagating and non-propagating Next, to understand the diurnal rainfall formation mechanism further, we examined the horizontal distributions of CMCC-CM's diurnal rainfall anomalies and associated convergence of column integrated moisture fluxes (−∇·Q) 1 based on the present climate (Fig. 7a) . The role of −∇·Q in contributing to the change of diurnal rainfall variation over southeast China was examined by Huang et al. (2010) through the diagnosis of water vapor budget equation.
2
Using observational data, Huang et al. (2010) showed that the change in diurnal rainfall over southeast China is mostly contributed by the changing −∇·Q rather than by evaporation or water vapor storage alone. An earlier study by Chen (2005) also demonstrated that moisture convergence is the major factor in maintaining the change of diurnal rainfall over the East Asian summer monsoon region 1 Here, (−∇ · Q) = −∇ · p 0 300hPa ⇀ Vqdp , where V denotes the horizontal wind, q is the specific humidity, and p is the pressure level. 2 P = E + (−∇ · Q) + − ∂W ∂t , where P, E and W is the precipitation, the evaporation and the total precipitable water, respectively.
(covering both southeast China and Yangtze River region). As shown in Fig. 7a , CMCC-CM was capable of capturing the diurnal variation and propagation of moisture convergence that translates into the formation of rainfall, similar to the observation (not shown). Overall, a stronger (weaker) moisture convergence corresponds to a larger (smaller) change in diurnal rainfall and this echoes the observation by Huang et al. (2013) that model's performance in depicting the moisture convergence is the key to simulating the diurnal rainfall over East Asia.
Future change in diurnal rainfall

CMCC-CM
Since CMCC-CM ranked the best in depicting the characteristics of diurnal rainfall over East Asia, it was selected for the following assessment of future change. Figure 7b shows the difference of CMCC-CM's rainfall and moisture convergence between the future period of 2076-2100 (under RCP4.5) and the present period of . Towards the end of the twenty-first century, the eastward propagating of diurnal rainfall is projected to enhance and Fig. S2 ) between 18 CMIP5 models (denoted by a to r) and TRMM observation. Full names of the models (a to r) are referred to Fig. 4 expand southward. By examining the longitude-time evolutions of the differences in precipitation and moisture convergence between the two periods, as shown in Fig. 8 , the atmospheric moisture convergence following the propagating rainfall episodes will increase correspondingly. Consequently, southeast China will likely be affected by the eastward propagation diurnal rainfall episodes. Yang and Slingo (2001) have mentioned that the rainfall over lands can propagate to adjacent oceans. Despite the limited propagating distance (Yang and Slingo 2001) , it is not uncommon for the remnant of diurnal convective systems in southeast China to propagate eastward across the Taiwan Strait, which is only 180-km wide. More recently, Huang and Wang (2014) have shown that diurnal convection in Taiwan Strait can affect western Taiwan through the interaction between a land-sea breeze-like regional circulation and the local thermally driven circulation. These previous studies lend support to the inference made here that an enhancement in the diurnal rainfall systems in southeast China can potentially impact Taiwan.
The increase in atmospheric moisture and associated convergence can be explained by the projected warming ( Supplementary Fig. S4a ) that would lead to an increase in water vapor evaporated from the surface (e.g., Qu et al. 2014) . Also, the projected change in diurnal temperature variation ( Supplementary Fig. S4b ) suggests that the diurnal land-sea thermal contrast over the subtropical China will intensify under the global warming. This change in diurnal temperature can lead to an intensification of daytime sea breeze, which results in an increase of diurnal , respectively wind convergence in the coastal areas. Regarding the propagating feature, previous studies (e.g., Wang et al. 2004) suggested that the East Asian jet stream drives the diurnal convection initiated east of the Tibetan Plateau to propagate eastward along the Yangtze River. Examination of CMCC-CM's mean zonal wind over the subtropical China (Fig. 9a) and its future change reveals a southward shift in the region around 20°-30°N (Fig. 9b) . As shown in Fig. 9c by the vertical section of zonal wind across 105°-115°E, the increase in westerly winds is deep (reaching 500 hPa) and this can facilitate the eastward propagation of diurnal convection, i.e. to migrate southward from central China to southeast China and Taiwan.
Earlier studies (Li et al. 2010; Sun et al. 2010; Xu et al. 2011; Zhu et al. 2012) have suggested that global warming may result in decreases of the meridional temperature gradient (i.e. warmer north and colder south) and the jet stream over Northeast Asia. Consistent with these studies, CMCC-CM's projection of a decreased East Asian jet stream near 35°-50°N (Fig. 9c) is associated with the decreased meridional temperature gradient north of 30°N, as inferred from Supplementary Fig. S4a . These results confirm that the projected change in upper-level atmospheric circulation plays an important role in modulating the propagation and trajectory of diurnal rainfall over East Asia; this is in agreement with what was seen in the present climate (e.g., Wang et al. 2012; Chang et al. 2015) .
Other models
Even though the other CMIP5 models did not perform as well as CMCC-CM, they did provide useful information 25°N) . c, d is similar to a, b, but for the differences in moisture convergence between the two periods. To help discussions made in the paper, the black thick lines in Fig. 4c are added in a, c, while the black thick line in Fig. 4d is added in b, d about the projection of large-scale circulation patterns and associated diurnal rainfall. Here, we examined the vertical section of zonal wind across 105°-115°E ( Supplementary  Fig. S5 ) and the longitude-time evolution of diurnal rainfall (Supplementary Figs. S6, S7 ) projected by the individual models. Except for CMCC-CM, four models (GFDL-ESM2G, GFDL-ESM2M, MRI-CGCM3, and MRI-ESM1) that show a better skill in Figs. 3 and 6 also projected an increase in westerly wind over 20°-35°N. Corresponding to this circulation change, these four models projected an increase in the eastward propagating rainfall over East Asia; this can be seen in the Supplementary Figs. S6 and S7. The consistent projections of these four models lend support to the CMCC-CM's projected change in diurnal rainfall and associated dynamical mechanisms. Together, the ensemble projections of the diurnal rainfall evolution and associated dynamical mechanisms from these five better-skill models are displayed in Figs. 10a and 11a-c, respectively. By comparison, most other models with a poor skill in the diurnal rainfall only depicted the non-propagating feature ( Supplementary Figs. S2, S3 ). For these models, most of the projections of large-scale circulation show that the upper-level westerly wind over (105°-115°E, 20°-35°N) will weaken in the future ( Supplementary Fig. S5 ), while the projected diurnal rainfall will still be dominated by local convection (Supplementary Figs. S6, S7) . Regardless, these poor-skill models showed a corresponding relationship between the projected changes in the eastward propagation of diurnal rainfall and the large-scale circulation (i.e. a weaker westerly jet with a weaker eastward propagation); this is shown in Figs. 10b and 11d-f.
Conclusion
The capability of 18 CMIP5 models in simulating the characteristics of diurnal rainfall over the Yangtze River and southeast China were evaluated using outputs from the historical experiment. Results show that one particularly model, CMCC-CM, was capable of depicting both the correct timing of propagating diurnal rainfall over the Yangtze River and the non-propagating diurnal rainfall over southeast China. Diagnostic analyses further indicated that the performance of CMCC-CM in depicting the diurnal rainfall over East Asia is related to its simulations of moisture convergence, which is a major driver of diurnal rainfall in the region. Based upon the future changes of rainfall and moisture convergence simulated by CMCC-CM (under RCP4.5), the eastward propagation of diurnal rainfall will likely enhance and expand southward towards the end of the twenty-first century. This tendency means that southeast China and Taiwan will increasingly experience the eastward-propagating episodes of diurnal rainfall. Possible causes of the intensification of diurnal rainfall variation and eastward propagating feature were discussed. The projected intensification of diurnal rainfall is attributed to the intensification of diurnal land-sea thermal contrast over eastern China under the warming climate, in which stronger daytime sea breeze coupled with more water vapor evaporated from the surface promotes moisture convergence over land. These changes in atmospheric thermodynamic conditions support the projected intensification of diurnal rainfall. Meanwhile, the intensification of upperlevel westerly wind revealed over 20°-30°N will shift (or expand) the eastward propagation of diurnal rainfall southward, likely into the non-propagating regime in southeast China and Taiwan. Notably, except for CMCC-CM, four other models (GFDL-ESM2G, GFDL-ESM2M, MRI-CGCM3, and MRI-ESM1) also projected the increase in westerly jet over 20°-35°N and the enhancement in the eastward propagating rainfall over East Asia. The consistent Figs. 3, 6 ). b is similar to a, but for the ensemble mean of poor-skill-models (rest models). In a, the red dashed line with symbol "X" indicates the propagation of diurnal rainfall. The color scale of a, b is given in their right bottom. The contour interval of a, b is 0.01 mm h projections of these models lend support to the suggested mechanism from which future diurnal rainfall will evolve in response to the large-scale circulation changes. Future work should focus on understanding coupled models' performance of the large-scale rainfall and convective rainfall separately, and associated maintenance mechanisms. 
